Abstract Staphylococcal skin infections are quite common in human patients. These infections often clear spontaneously, but may also progress locally and/or disseminate to cause serious and sometimes fatal deep infections. The present studies were undertaken to examine the clearance phase of experimental cutaneous Staphylococcus aureus infections in a mouse model system. Previous work in this system has shown that staphylococci applied to the skin rapidly disseminate to the spleen and kidney. In the present experiments the bacteria were found to persist at the skin infection site at a time (8 days after inoculation) when they had disappeared from the spleen and kidney. Examination of the infected skin at earlier times revealed rapid (within 6 h) invasion into the stratum corneum, stratum Malpighii, and dermis, but subsequent redistribution of bacteria (at 1-2 days) to more superficial sites, particularly crusts located just above the skin surface. The crusts seen in these infections were of two distinct types, which were termed type 1 and type 2. Type 1 crusts appeared first, consisted of bacteria, inflammatory cells, and debris, and developed over an intact epidermis. Type 2 crusts arose from the process of dermal necrosis previously reported to take place at 2 days in this model system. In the latter situation the bacteria were not really cleared from the epidermis and dermis; rather those layers were transformed into a superficial crust that contained the bacteria. Deep hair follicle infections in the dermis were found in these infections, but they did not persist and did not seem to be a reservoir for organisms in the dermis. Resolution of these experimental infections appeared to involve redistribution of invading bacteria to more superficial locations in crusts above the skin surface, marked proliferation of the epidermis, loss of the bacteria-laden crusts from the skin, and eventual healing of the cutaneous damage.
Introduction
Staphylococcus aureus is a well-recognized human commensal as well as frequent cause of both cutaneous and deep or disseminated infections. Increased interest in this pathogen has been driven recently by the upsurge in infections caused by community-associated methicillinresistant S. aureus. Surveys have shown that approximately 32% of the US population is colonized by S. aureus and 0.8% by the methicillin-resistant strains [14, 18] . Skin and soft tissue infections account for a majority of the disease produced by either community or hospital associated strains of this organism [15] . S. aureus can be found to be colonizing the anterior nares, pharynx, and skin of healthy humans, with the nares being the predominant niche [37, 39] . Determinants of S. aureus colonization states are poorly understood; however, colonization is a recognized risk factor for cutaneous and systemic infection with this organism [9, 14, 28, 37, 39] .
We have recently used experimental cutaneous S. aureus infections in mice to study invasion into the skin and dissemination of this organism from that site; these experiments involved epicutaneous inoculation of S. aureus onto minimally disrupted skin [11] . In this model system the bacteria disseminated to the spleen and kidneys within 6 h after inoculation in almost all of the animals. Although both the cutaneous and deep infection sites produced by the epicutaneous inoculations did eventually resolve spontaneously, the cutaneous ones appeared to persist for longer periods. Therefore, the mechanisms involved in clearance of the infections from the skin could be different from those that function at deeper sites.
Studies of other cutaneous infections, particularly superficial mycoses and bacterial skin infections, have implicated several clearance processes that may function somewhat differently in the skin; these include neutrophil accumulation into the superficial layers of the epidermis [10, 29, 33, 40] , epidermal proliferation [2, 20, 21, 33, 35] , and shedding of viable organisms from the skin [32, 34] . The goal of the present study was to carefully examine the S. aureus-infected skin at later time points in this model system to elucidate the mechanisms by which the organisms are cleared from the skin.
Materials and methods

Organisms
Staphylococcus aureus strain 25923 from the American Type Culture Collection was used for these experiments. The organisms were cultured overnight in trypticase soy broth, washed three times in sterile water, and then used as an inoculum of 10 7 CFU. This inoculum was chosen from a review of previous similar cutaneous infection models [1, 19, 25] . S. aureus strain ATCC 25923 has been shown to be virulent in other animal models of staphylococcal infection [5, 6] . Virulence factors and enzymes of this staphylococcal strain include fibronectin binding protein A, the Panton-Valentine leukocidin, coagulase, catalase, DNase, heat shock protein 60, thermostable nuclease, a-toxin, and staphylococcal enterotoxins G, I, M, N, and O; this strain is negative for b-lactamase, exfoliative toxins, and toxic shock syndrome toxin 1 (TSST) [4, 5, 27] . In the previous study using this model system, we used a second S. aureus strain (Newman) with approximately similar results to those obtained with strain ATCC 25923 [11] . Animals C57BL/6 mice were used for all the studies and were obtained from Charles Rivers Laboratories (Wilmington, MA). The animals were both male and female, from 8 to 14 weeks of age, and were described by the supplier as being free of specific pathogens (including S. aureus). The mice for these studies were housed in a separate BSL 2 enhanced section of the Veterinary Medical Unit at the Milwaukee VA Medical Center. The experimental procedures were approved by the appropriate committees at the Milwaukee Veterans Affairs Medical Center and the Medical College of Wisconsin. It should be noted that mouse skin structure is generally similar to that of humans except for a thinner epidermis and grouping of hair follicles together in areas of those that are actively growing (anagen) or those that are resting (telogen) [16] .
Epicutaneous inoculations
The skin over the animal's flanks was shaved with an electric razor, swabbed with iodine, washed with alcohol followed by saline, and then dried with gauze. The skin surface was prepared by gentle tape stripping 79 with Transpore tape (approximately 27 mm in width, from 3M, Minneapolis, MN). This technique has previously been found to cause only minimal damage to the epidermis or dermis [11] . An inoculum of 10 7 S. aureus CFU in 0.025 ml of saline was added to 4 mm filter paper discs placed onto the prepared skin of the animal's left flank, with saline added to the disc on the opposite side. Both sites were covered with 1.0 cm 2 pieces of plastic sheet, which were then dressed with Transpore tape and Nexcare waterproof tape (3M).
Monitoring of infections
The dressings were removed after 1-24 h and the sites washed four times with saline-soaked gauze pads. At various times from 1 h to 14 days after inoculation the animals were killed and skin removed from the inoculated sites for histology. Paraffin sections were prepared, stained with tissue gram stains, and analyzed as discussed below. In some cases when the mice were killed, skin scrapings or homogenates of spleen or kidneys in 1 ml of saline were cultured on trypticase soy agar, with results recorded as log 10 CFU per ml. For skin scrapings the entire inoculation site was abraded with a scalpel blade until a glistening surface could be seen; the material removed was vortexed in 1 ml of saline and then cultured for CFU determinations. In that a 0.1 ml sample from these 1.0 ml specimens was cultured, the lower limit of log 10 CFU values was recorded as 1.0 when no CFU were obtained on the plates.
Staphylococcus aureus or saline inoculated skin sections were examined in a blinded fashion for bacteria and cutaneous changes at a 4009 magnification under light microscopy. For the purposes of the present study the epidermis was defined as the stratum Malpighii or the epidermal keratinocyte layers above the dermal-epidermal junction, but excluding the stratum corneum or crusts. In ten random fields in each section the site of bacteria location was determined as being in the stratum corneum or crusts, the stratum Malpighii, the dermis, or combination thereof. A section was considered to be positive for bacteria if it contained at least five readily identifiable organisms (although most sections contained many more). In preliminary studies the crusts were found to be of two distinct types, as discussed below; location of the organisms in each type was also determined. Each hair follicle infundibular outlet across the sections was also examined for the presence of bacteria, with the data being recorded as a percent of outlets infected. Hair follicles located in the dermis were also examined for bacteria located [100 lm below the skin surface, with the data being recorded as the percent of hair follicles with deep infections; in this case the denominator was taken as the total number of outlets, in that each outlet will have a corresponding dermal section at this depth. Thickness of the stratum Malpighii was measured in microns using an ocular micrometer at ten random sites across the section as a measure of epidermal proliferation; locations with either neutrophil infiltration or visible epidermal damage were excluded from this analysis.
Statistics
Data were expressed as mean ± SE, with statistical comparisons carried out using the GraphPad Prism 4.0a statistical package. For multiple comparisons ANOVA with Tukey's tests were used to determine statistical significance. Generally 4-11 mice per point were studied in 3-6 experiments (each consisting of animals inoculated in a similar manner on a particular day). Statistical significance was considered to be P \ 0.05 in this study.
Results
Clearance of S. aureus CFU from skin, spleen, and kidney After epicutaneous inoculation onto flank skin, the organisms were found thereafter not only in cultures of skin, but also those of spleen and kidney, as previously reported from this model system [11] . The number of S. aureus CFU were highest at 2-4 days and rapidly declined thereafter in both skin and the deep organs ( Fig. 1) . At 8 days after inoculation, bacteria were still found in the skin (mean ± SE log 10 of S. aureus CFU of 4.3 ± 0.7) although cultures of spleen and kidney had become negative by this time.
Formation of crusts
Crusts at the skin surface formed on the S. aureus-infected skin as early as 6 h after epicutaneous inoculation. There appeared to be two distinct types of crusts that developed in these infections, and they were arbitrarily designated type 1 (Fig. 2a) and type 2 (Fig. 2b) for the purposes of this study. Type 1 crusts appeared over an intact epidermis and consisted of organisms, neutrophils, and cellular debris. Type 2 crusts formed from degenerated dermis and epidermis; they contained this material plus organisms and some inflammatory cells, and developed over remaining subcutaneous tissue (muscle and adipose cells). The organisms in both types of crusts were generally grouped into round masses of bacteria (instead of being dispersed in the crust), and were not usually directly associated with host inflammatory cells (Fig. 2a, b) .
Redistribution of organisms in skin during the experimental infections
At 6 h after inoculation organisms were found in the stratum corneum and crusts, the stratum Malpighii, and the dermis (Fig. 3a) ; at later time points (2-4 days) fewer fields with organisms were found for stratum Malpighii and dermis, suggesting that the bacteria had left or been cleared from these deeper sites. However, since the stratum Malpighii and dermis were converted into type 2 crusts by the dermal necrosis process, it would appear that the organisms contained therein had become displaced to these crusts rather than actually being cleared from the dermis and epidermis. Although at 6 h more fields Fig. 1 S. aureus CFU (log 10 on the ordinate) cultured from skin (filled squares), spleen (filled triangles), and kidney (open circles) at various times (in days on the abscissa) after epicutaneous inoculation on flank skin of C57BL/6 mice. Bars represent SE. Note that CFU in skin from 1 to 8 days were significantly greater than those in either spleen or kidney at these times (P \
containing organisms were found for the stratum corneum than crusts, this situation reversed between 1 and 2 days after inoculation when there appeared to be a shift in location from the stratum corneum to the crusts (Fig. 3b) . Type 1 crusts containing organisms appeared to develop earlier than did the type 2 crusts, which were not seen until at least 2 days after inoculation (Fig. 3c) . In some animals both types of crusts could be found in different areas within the same section of infected skin. Crusts of both types and the bacteria they contained were seen to decrease rapidly after 2 days and had disappeared by 8 days. It should be noted that total numbers of CFU in the skin were highest at 2 days after inoculation and that at this time most of the bacteria were localized to crusts at the skin surface.
Hair follicle infections
Infections of the hair follicles were noted for both the follicle infundibular outlets and deeper follicle sites within the dermis (Fig. 4a, b) . The deeper infections (defined as Fig. 2 Photomicrographs of crusts in S. aureus-infected skin of C57BL/6 mice. a Type 1 crust at 4 days after inoculation with organisms and inflammatory cells located above an intact epidermis; b type 2 crust at 2 days after inoculation with organisms, degenerated dermis and some inflammatory cells located above remaining subcutaneous tissue (tissue gram stains with original magnification of 91,000 under oil immersion) Fig. 3 Location of S. aureus bacteria in the skin (as percent of fields with organisms in particular sites on the ordinate) at various times (in days on the abscissa) after epicutaneous inoculation in C57BL/6 mice. a Organisms in stratum corneum or crusts (filled squares), stratum Malpighii (filled triangles), or dermis (filled circles); b organisms in stratum corneum (filled squares) or crusts (filled triangles); c organisms in stratum corneum (filled squares), type 1 crusts (filled triangles), or type 2 crusts (filled circles). Note that at 6 h there were significantly more organisms in the stratum corneum than crusts (P \ 0.01 by ANOVA and Tukey's tests), whereas by 2 or 4 days there were more organisms in the crusts than stratum corneum (P \ 0.001 in each case). Data come from 4 to 11 animals studied in 3-5 experiments being located [100 lm below the skin surface) were much less common than those at the surface; both types of infection declined rapidly over time, with very few being found at 4 days and none by 8 days (Fig. 5 ).
Epidermal proliferation
Whereas the stratum Malpighii of uninfected skin from C57BL/6 mice is generally quite thin, usually one or two cells thick (Fig. 6a) , that from skin inoculated 8 days previously in this model system was much thicker (Fig. 6b ). During these infections the stratum Malpighii thickness increased from 17.2 ± 0.6 lm in uninfected skin to 147.9 ± 50.6 in skin 8 days after infection (Fig. 7) . There was some irregularity in the data for this value at the later time points, perhaps because in certain areas the dermis and epidermis had undergone necrosis and the skin was actively repairing itself. It should be noted that by 8 days and later the crusts had disappeared from the skin surface and visible damage had resolved.
Discussion
These studies were designed to examine the clearance phase of cutaneous S. aureus infections after epicutaneous inoculation of the organisms onto relatively intact (tape stripped) skin on the flanks of C57BL/6 mice. Previous work in this model system has shown that the organisms disseminate rapidly from the skin to the spleen and kidney.
The present experiments demonstrate that bacteria persist at the skin infection site at a time (8 days after inoculation) by which they have disappeared from the spleen and kidney. Although the numbers of CFU at this time are too low to allow for microscopic visualization in microscopic sections, observations at earlier time points revealed rapid redistribution of the bacteria from deeper to more superficial sites in the skin soon after inoculation. In fact, the organisms appeared to rapidly (within 6 h) invade into the epidermis and dermis, only to disappear from these layers soon afterwards and then to be found populating crusts at the skin surface at later times. Similarly, bacteria in the stratum corneum also rapidly disappeared from this site. The crusts seen in these infections were clearly of two different types, which we termed type 1 and type 2. The former developed first and consisted of bacteria, inflammatory cells, and debris that overlay an intact epidermis. The latter developed from the process of dermal necrosis previously reported to take place at 2 days in this model system [11] . In that the dermis and epidermis were lost during dermal necrosis and generation of the type 2 crusts, it would appear that the organisms did not really disappear from the skin itself; rather the dermis and epidermis were merely converted into a crust that then contained the same bacteria. In any event, the result was relocation of the organisms into crusts of either or both types at the skin surface by 2 days after inoculation. Infections of deep hair follicle sites in the dermis could be a way for the bacteria to persist at deep sites in the infected skin; however, although this process did occur, it appeared to be fairly infrequent and short-lived. Resolution of these experimental infections seemed to involve redistribution of invading bacteria to more superficial locations in crusts above the skin surface, eventual loss of these crusts from the skin, and healing of cutaneous damage in conjunction with proliferation of the epidermis. The mouse model system used in these studies does produce infections that are similar to those seen in human patients. As has been found in other animal models of cutaneous staphylococcal infections, the resulting damage to the skin involved production of folliculitis, microabscesses, epidermal and dermal necrosis, and cutaneous ulcers [1, 13, 17, 19, 25, 26] ; these cutaneous changes are similar to those previously described for human staphylococcal skin infections [13, 31] . Whereas it is not common to find staphylococcal bacteremia in human patients with minor infections of the skin, it should be noted that our method to demonstrate dissemination by culturing whole spleen and kidneys is likely much more sensitive. When blood cultures have been performed in experimental staphylococcal skin infections in mice, the results were generally negative [25, 26] . One potential limitation of this model system would seem to be that the experimental infections uniformly appear to resolve spontaneously, without the formation of more chronic abscesses that are sometimes seen in human patients.
In these experimental infections the invading staphylococci rapidly became localized to both superficial and deep locations; the former included stratum corneum and crusts, and the latter the epidermal keratinocytes, dermis, spleen, kidney, and possibly other deep sties that were not sampled. The physical conditions are quite different at the skin surface than at deep sites within the body and it is likely that different mechanisms are required to clear bacteria from the superficial sites. The stratum corneum is known to have reduced water content, acidic pH, antimicrobial lipids, and tightly arrayed corneocytes that appear to provide significant defense against both water loss and microbial Fig. 7 Epidermal proliferation as measured by increased thickness of the stratum Malpighii (in microns on the ordinate) at various times after epicutaneous inoculation with S. aureus (in days on the abscissa). The value for 0 days represents uninfected skin. Note that there was significantly increased stratum Malpighii thickness at day 8 compared to uninfected C57BL/6 mouse skin or that inoculated 6 h or 1 day beforehand (P \ 0.001 by ANOVA and Tukey's tests in all cases). Data come from 6 to 8 animals per point studied in 3-6 experiments invasion [3, 7, 36, 38] . However, these characteristics would presumably make this site less favorable for phagocytic cell function, a process that likely plays an important role at deeper locations. If one considers the time period from 2 to 4 days after inoculation in this model system, a majority of cultured bacteria appear to be residing in the stratum corneum and crusts in the infected animals, with smaller numbers persisting in the deep organs or similar sites. These superficial bacteria are likely made up of those remaining from the inoculum, their progeny resulting from bacterial cell division at the skin surface, and bacteria that have been relocated from the dermis and epidermis to crusts by the dermal necrosis process described above. Since killing by phagocytic cells is likely inefficient at this site, other mechanisms are probably involved in the clearance process. Some of the organisms may be killed by antimicrobial lipids generated in skin secretions [3] or antimicrobial proteins produced by differentiating keratinocytes [8, 22, 23] . On the other hand, loss of viable bacteria through sloughing of the superficial crusts containing them is another likely possibility, as has been shown in studies of cutaneous candidiasis [32, 34] . At 4 days after inoculation, a time when skin-scraping cultures still show near maximal values, all of the organisms visible microscopically have become relocated to crusts located above the skin surface. Microscopic examination at 6-8 days demonstrates loss of the crusts and organisms they contain suggesting that sloughing of bacteria-laden crusts may be a significant mechanism of bacterial clearance in this model system.
Epidermal proliferation has long been implicated in the clearance of cutaneous infections, particularly superficial fungal infections. This process was a uniform finding in our staphylococcal model system and may well be involved in clearance of these infections as well. The process of shedding organisms located in the stratum corneum or crusts is likely enhanced by increased production, differentiation, and upward movement of keratinocytes [2, 20, 21, 35] . Stimuli that serve to promote keratinocyte differentiation also upregulate the production of keratinocyte antimicrobial proteins such as b-defensins, cathelicidins, and calprotectin [8, 22, 23] . Both the shedding and antimicrobial protein mechanisms could be involved in clearance of these infections. Epidermal proliferation likely also plays a role in healing the damaged skin caused by the dermal necrosis process. By 6-8 days after inoculation, microscopic examination shows that the ulcers caused by dermal necrosis have completely healed, that the skin is visibly intact, and that the stratum Malpighii has become markedly thickened.
The mechanisms involved in eliminating superficial bacteria in these experimental infections would seem to be quite different from those that kill organisms that have invaded into the deeper tissues. Neutrophils likely predominate in mediating the latter function, especially in the skin where these cells make up a majority of infiltrating inflammatory cells in this model system. Neutrophils readily kill S. aureus and can do so by a variety of oxidative and non-oxidative mechanisms [12, 24, 30 ]. It appears likely that the aspect of host defense most important to survival of the animals in these experimental infections is indeed killing of bacteria that have invaded into the dermis and deep organs. Neutrophils and other inflammatory cells probably undertake this process. Since these cells would be unlikely to function effectively at the conditions extant in the stratum corneum or crusts at the skin surface, the other mechanisms described above may be required for bacterial clearance from this location.
Sequestration of organisms into crusts located just above the skin surface was a consistent finding in this model system. Although two types of crusts were noted in these infections, the characteristics of the bacteria found in each were quite similar. The organisms were generally aggregated into round masses and most of the bacteria were not in direct contact with host inflammatory cells. In that the organization of bacteria in the crusts of this model system has these particular characteristics, we propose the following acronym to describe them: sequestered, cell-unassociated, aggregated, bacteria, or SCABs. These superficial organisms would seem to represent a short period of skin colonization after the acute invasive infections have cleared; they could also serve as a reservoir for repeated cutaneous infections and thus necessitate clearance by whatever effective means are available to the host.
In summary, since phagocytic cell killing of microorganisms is probably ineffective at the skin surface due to unfavorable conditions there, alternative mechanisms to clear bacteria from this site would seem to be required for resolution of the experimental staphylococcal skin infections in our system. Our findings indicate that for S. aureus organisms located at the skin surface these mechanisms include sequestration of the organisms into crusts, epidermal proliferation, and subsequent sloughing of the bacterialaden crusts.
